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INTRODUCTION 
It has been clearly established by B. O. Dodge (1)  and Shear and 
Dodge (2)  that the ascospores of the fungi Ascobolus and Neurospora 
are normally dormant and will germinate only after they have been 
heated.  The heat treatment (or heat activation) which overcomes the 
dormancy consists in heating the spores to  temperatures of 50  °  or 
higher for a few minutes and then cooling to room temperature.  The 
spores germinate 3 to 5 hours after returning to the lower tempera- 
ture.  No information is available in the literature as to the nature of 
the activation process nor to the reactions it calls forth other than the 
end-result, germination.  This paper will deal with certain phases of 
the activation process and the change in the respiratory rate that it 
brings about, in the ascospores of the fungus Neurospora tetrasperma. 
It will be  shown that  the spores may be  activated when all  the 
respiration is blocked, if the respiratory block is removed shortly after 
the activation is completed.  But if the respiration is prevented for 2 
to 4 hours after activation, the spores do not germinate when returned 
to  conditions that  allow  respiration,  these  spores  are  found to  be 
dormant, in spite of the previous activation, and will germinate only 
if reheated.  This may be repeated several times on the same spores, 
thus it is clear that the whole cycle of activation and deactivation is 
reversible.  Further it will be shown that the first change that  can 
be detected after activation, is a  large increase in respiration of the 
activated  spores.  This  high  respiration must  continue  for  several 
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hours  before  germination  may  occur.  Partially  blocking  this  res- 
piration  delays  germination  and  completely blocking  it  leads  to 
reversible deactivation.  This respiration is cyanide sensitive. 
This paper will show that the effect of heating on the activation of 
the  spores,  manifests itself so  abruptly  in  the  narrow  temperature 
range between 49 and 52  °, that it is not advisable to speak of a tem- 
perature coefficient of activation, but to describe the process as one 
with  a  critical temperature at 49-52°C.  Within  this narrow range 
of temperatur  e  the percentage germination at constant temperature 
as  plotted  against  the  time of heating,  follows an  S-shaped  curve, 
which is best interpreted as a population or probability curve. 
Dormant cells and organs  are well known to  biologists,  common 
types are the gametes of many plants and animals which normally are 
activated (stimulated to normal development) by sexual fusion, and 
some seeds and spores.  The zygotes of many lower plants are dormant 
and only germinate after a "period of rest."  In some cases the zygote 
is not dormant but undergoes a few cell divisions giving rise to several 
cells  (spores)  and these cells may be dormant.  This is  the case in 
Neurospora, the zygote undergoes three nuclear divisions to give rise 
to four or eight ascospores according to the species.  These spores are 
always dormant in N. tetrasperma and most of them are dormant in 
the  other  species.  The  only method  known  to  bring  about  their 
germination is the heat treatment described above. 
The ascospores of Neurospora are not the only dormant cells that are 
known that respond to a heat treatment.  Mild heating of the eggs of 
star fish (3) leads to membrane elevation.  Tart  (4)  has shown that 
the heating of certain bacterial spores leads to greater activity of their 
dehydrogenase systems.  Other  dormant  cells  may be  activated in 
various ways.  Dormant potato tubers  (5)  are stimulated to sprout 
by some chemicals as ethylene chlorohydrhl, and sea urchin and star- 
fish  eggs  are  activated  by hypo  and  hypertonic solutions,  etc.  (6). 
Warburg  (7)  showed that the fertilization (activation) of sea urchin 
eggs leads to an increase in the respiratory rate.  The activation and 
the correlated respiratory changes have been studied in great detail 
by RunnstrSm (8). 
No case other than Neurospora and Ascobolus of dormant cells that 
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abrupt, is known to the author.  Some cases of activation are par- 
tially reversible, but no example of other dormant cells that may be 
activated  and  deactivated  several  times,  has  come  to  the  writer's 
attention.  Although  changes of respiratory rate  on  activation  are 
well known, this is probably the first case of the completely reversible 
effect of activation, deactivation, and reactivation on the respiration. 
The Critical Temperature of Activation 
The  temperature  to  which the  spores  must  be  heated to  induce 
germination was determined by heating the spores for 20 minutes at 
various constant temperatures and determining the percentage germi- 
nation 6-8 hours later.  The conditions of heating and cooling to room 
temperature were such that there could be no considerable lag, and the 
bath was constant to  ~-0.03°C.  The same results were obtained if 
the spores were heated in distilled water or buffered culture medium. 
The  results  of  the  experiment are  shown  graphically in  Fig.  1. 
Each point represents the percentage of germination based on counting 
350-500 spores, under the microscope.  The fact that the activation 
process appears to have a critical temperature is even more obvious if 
we realize that changing the time of heating does not appreciably alter 
the position of the critical temperature.  Shortening the time merely 
makes the curve steeper at about 52-53°C.  Increasing the time of 
heating tends to decrease the steepness of the curve a  little, but  it 
does not seriously alter the position of the critical temperature.  Only 
a few degrees below the critical temperature no spores will germinate 
at all, and at 1 or 2 degrees below only a small per cent of the spores 
will germinate. 
The heat killing curve was determined in the same manner as the 
activation curve.  It is clear from Fig.  1 that the process producing 
activation is not merely the first phase of the process causing heat 
death.  The slopes of the two curves are different and there is a  10  ° 
separation between the temperature inducing full activation and the 
beginning of heat killing. 48 
Per cent 
JO0 
90 
8O 
"/0 
,o 
10 
"C. ~ 
REVERSIBLE  HEAT  ACTIVATION  O?  ASCOSPOR_ES 
/ 
46  50  52 
~ 
-~_  __~._.  L_ 
I 
Ii 
li 
Ii 
Ii 
'li  !j 
M  56  5~  62  64 
Te~-npe~atu~e 
\ 
\\ 
1111. 
Time o  r heating- ~0 rain. 
\ 
\ 
\ 
% 
66  68  ~, 
Fro. 1.  The effect of the temperature of activation on the percentage germina- 
tion.  Three separate spore lots were used for the activation, one for the heat 
killing.  Each point is based on the counting of 350 to 500 spores. 
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FIG. 2.  The effect of time of activation at constant  temperature on the per- 
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II 
The Rate of Activation at Constant  Temperature 
It seemed as if it might be possible to determine the order of the 
chemical process underlying the spore activation, by determining  the 
percentage  germination  at  constant  temperature  while  varying  the 
time  of heating.  These  experiments  were  conducted  in  a  manner 
similar to the preceding ones.  The temperature interval in which it is 
possible to follow the percentage activation against time of heating is 
between 49  and  52°C.  At  very little  below 49°C.  some activation 
occurs, but regardless of the time of heating many spores never germi- 
nate.  Above 52°C. the activation is so nearly instantaneous  that no 
further change with temperature can be shown until the temperature 
becomes high  enough  (over 62°C.)  that  some of the  spores are heat 
killed. 
The data in Fig. 2 will be seen to fall on S-shaped curves.  These are 
not kinetic curves, unless one wants to interpret them as the curves of 
an  autocatalytic  process.  They  may  equally  be  interpreted  as  a 
measure of the variability of the population or the variation in time 
which it takes the same chemical process to reach the same stage of 
completion, in several microscopic systems.  This may be clearer if we 
point out that  the first derivative of the  curves in  Fig.  2  would be 
normal distribution  curves.  But it makes no difference whether we 
consider a normal distribution curve as the distribution of the amount 
of some chemical substance in different cells or in the time at which a 
given process will have reached the same stage of completion.  It is 
frequently  assumed  that  starting  with  the  same  concentration  of 
reactants and the same conditions that a  chemical process will reach 
the same stage in the same time.  This is true as long as we are dealing 
with  statistically  large  systems,  but  if  the  systems  are  sufficiently 
small the individual systems will reach completion at different times. 
And these times will fall along an S-shaped curve. 
If we try to calculate the temperature  coefficient of the activation 
process in the ordinary way, we obtain the results in Table I.  The 
values were obtained from the data in Figs.  1 and 2 by applying the 
,can't Hoff equation.  For Fig. 2 the slopes of the curves at 50 per cent 
germination were used for the calculation.  The values in Table I  are 50  REVERSIBLE  HEAT  ACTIVATION  OF  ASCOSPORES 
so large and their variation with temperature is so enormous that they 
have no meaning.  The highest temperature coefficients known, those 
of protein denaturation (9)  and of bacterial killing (10)  are never of 
this  order.  We  are  forced  to  the  conclusion  that  the  activation 
process has a  critical temperature at about 50°C.  We may compare 
it to a change of state.  Changes from solid to liquid and other com- 
parable changes of state  (phase changes) have critical temperatures. 
That  phase  changes  may  control  some  biological  processes  seems 
possible from the work of Burk (11).  He found that the pH depend- 
ence of nitrogen fixation in Azotobacter followed a  curve which seems 
to be best interpreted as a phase change depending upon the pH. 
The activation of the spores appears to be another example of an 
all or none reaction, for regardless of the per cent of the spores that 
TABLE  I 
Temperature interval  From Fig. 1  From Fig. 2 
°c. 
46-48 
48-49 
49-50 
50-51 
51-52 
Ql0 
200 
4O0 
40,000 
90,000 
Qla 
1,360 
380 
10,000 
germinate, the time between activation and germination is constant 
(at  constant  temperature).  Either  the  spores  germinate  after  the 
lapse of the normal time, or they do not germinate at all. 
III 
The Reversibility of A ctivation 
The  close  relationship  between  respiration  and  many  cellular 
processes suggested that the activation process might be dependent 
upon respiration.  The method employed here was to heat the spores 
under conditions where the respiration was entirely blocked, and at the 
completion of the activation to return the spores to conditions that 
normally would allow full respiration.  After the usual  time of 6-8 
hours  the  percentage  germination  was  determined,  and  compared DAVID  R.  GODDARD 
with  controls  activated  under  conditions  that  allowed 
respiration.  The  results  are  shown  in  Tables  II  and  III. 
TABLE  II 
51 
normal 
Control (activated in air) .................. 
Activated in N ............................ 
¢~  t~  tc  ............................ 
tt  tc  tc  ............................ 
t¢  tt  tt  ............................ 
tg  ~t  tt  ............................ 
~t  tc  tt  ............................ 
cc  ct  tt  ............................ 
ct  c~  ct  ............................ 
Time  in N  after  Germination  Reactivated 
activation  germination 
~;r$. 
0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
9.0 
50.0 
24.0 
per  cent 
94.2 
95.9 
96.3 
96.7 
74.9 
41.1 
2.7 
1.6 
0.0 
4.1 
p~r  cent 
92.5 
94.7* 
91.5t 
* A  duplicate tube was reactivated and set aside unopened for an additional 
24 hours, and the data are given in the next row below. 
t These spores have been three times activated and twice deactivated. 
TABLE  III 
Control  ................................ 
Activated in HCN ...................... 
tt  ct  ct 
t~  tc  tc 
tt  tt  ct 
tt  ct  tt 
Control ............................... 
Activated in  CO ....................... 
~  ~t  tt 
Time in HCN or  Reactivated 
CO after  Germination 
activation  germination 
per cent  kg$. 
0.0 
0.5 
1.0 
1.5 
3.0 
4.0 
7.0 
Time in CO 
0.0 
20.0 
per cent 
96.6 
95.6 
93.7 
85.6 
75.5 
52.8 
37.4 
0.0 
94.0 
96.0 
23.0 
94.5 
89.0 
These  experiments  show  clearly  that  the  activation  process  may 
occur normally  when  the  spores are  in  oxygen-free nitrogen,  carbon 
monoxide, or in cyanide.  But  if, following activation, the spores are 52  REVERSIBLE  HEAT  ACTIVATION  OF  ASCOSI~OP.-ES 
maintained for several hours under conditions where no respiration is 
possible they have lost the ability to germinate when the respiratory 
block is removed.  But if the spores, which have become secondarily 
dormant by preventing the respiration of the activated cells,  are re- 
heated they germinate and develop normally.  The whole cycle of 
activation and deactivation is reversible several times. 
Great care must be taken to avoid traces of oxygen in the nitrogen 
or  deactivation  will  not  occur.  Low oxygen  tensions  prevent  the 
germination of the spores but do not cause  deactivation, since the 
spores will germinate normally when brought into oxygen (or shaken 
with air).  Apparently a higher respiratory rate is essential for germi- 
nation than for maintenance of the spore in the activated state. 
IV 
Respiration Experiments 
The experiment above showed that preventing the respiration of the 
activated spores led to secondary dormancy.  It seemed of interest to 
determine if the respiration of the activated cells increased prior to 
germination.  There is a period of about 3 hours between completion 
of the activation process and the first sign of a germ tube which may be 
seen under the microscope. 
The respiration was determined on the Barcroft-Warburg apparatus, 
with equal samples of the same spore suspension used for dormant and 
activated series, so that the results within an experiment are directly 
comparable.  The spores were activated in the Warburg vessel at 54- 
55  ° for 20 minutes.  Some difficulty was met in trying to get large 
enough amounts of ascospores (free from vegetative contamination) to 
perform the respiration experiments. 
The curves in  Fig.  3  show clearly the effect of activation on the 
respiration of the spores.  The increase in respiration is apparent soon 
after activation and long before any sign of  germination.  A second 
increase in respiration occurs at the time when the first visible sign of 
germ tubes may be detected.  The primary increase in rate of respira- 
tion  is  10-15  times  that  of  the  dormant  cells,  and  the  secondary 
increase in rate is about 1.7 to 2.0 times.  It is difficult to determine 
the rate of respiration of the dormant spores, because the rate  is so 
low that it may be due to contamination by vegetative cells (particu- DAVID  R.  GODDARD  53 
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FIG. 3.  Influence of activation and germination on the respiration.  0.046 ml. 
of  ascospores in  distilled water,  temperature  19.7°C.  zero  time  at  completion 
of the activation.  Activated series 97  per cent germination, dormant series no 
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larly conidia).  The first effect of activation that we here detected 
is then a large increase in the respiratory rate. 
The data in Fig.  3 show that the respiration is cyanide sensitive; 
0.001  molar  cyanide  causes  about  40  per  cent inhibition.  In  the 
experiment on which Fig.  3  was based,  the spores were in  distilled 
water with 5 per cent KOH in the inset.  The HCN distills over to the 
KOH, and with falling cyanide concentration the respiration increases. 
Other experiments showed that 0.01 molar cyanide completely inhibits 
the  respiration.  It  is  probable  that  the  respiratory  mechanism 
depends upon the Warburg iron enzyme system. 
Since the activation phenomenon is reversible, and activated spores 
may be deactivated, the question suggests itself, whether the revers- 
ibility of the activation-deactivation carries over to the respiration. 
That the deactivation of activated spores leads to a decrease in respira- 
tion to about the level of the dormant cells is shown by Fig. 4.  This 
graph also shows that on reactivation the respiration  returns to at 
least as high a level as on the first activation.  The reversibility of the 
activation process is shown by the effect on respiration just as it is 
shown on the germination. 
The  Effect  of Iodoacetate  and Iodoacetamide  on  the  Germination  and 
Respiration 
It was shown that the activation process occurs in the absence of any 
respiration,  but it was still possible that anaerobic metabolism was 
essential for activation.  This problem was attacked by the use of 
monoiodoacetate and  monoiodoacetamide.  The  prior  physiological 
use of the iodoacetamlde is unknown to the author. 
The spores were activated in the presenee of iodoacetate or iodoace- 
tamide.  At the completion of activation they were separated into 
two samples, in one of which the cells were well washed, and in the 
other not.  The results are shown in Table IV.  Both of these com- 
pounds prevent germination, but iodoacetate does not prevent activa- 
tion  since  the  washed  cells  germinated.  However,  iodoacetamide 
prevented germination even in those cells which were washed after 
activation.  This difference between the poisoning action of iodoace- 
tate and iodoacetamide is probably due to the more rapid penetration 
of the latter, since it is much more lipoid soluble than the iodoacetate. 56  REVERSIBLE  HEAT  ACTIVATION  OF  ASCOSPORES 
The inhibition of germination of neither of these compounds can be 
overcome by adding,  at the same  time the poison  is added,  sodium 
pyruvate or sodium lactate. 
TABLE  IV 
Control  ................................... 
Iodoacetate 0.0075 ......................... 
Iodoacetate 0.003  .......................... 
Iodoacetate 0.0006  ......................... 
Iodoacetamide 0.005 ....................... 
Cells  washed  after 
activation. 
Per cent germination 
89 
9O 
88 
Cells not washed. 
Per cent germination 
91 normal 
0 
0 normal 
51 incipient* 
91 normal 
0 incipient 
0 normal 
0 incipient 
* Incipient  germination means  the  formation  of  germ  tubes  a  few  #  long, 
which did not grow. 
All concentrations are in ranis per liter. 
TABLE  V 
Time, after  Control  Control  Iodoacetamide  Iodoacetamide  Iodoacetate 
added before  added after  added after 
activation  dormant  activated  activation  activation  activation 
]~r$. 
0.5-2.0 
2.0-3.0 
3.0-5.5 
8.0-9.0 
100 
135 
181" 
151 
94,  6 
92, 32 
74, 69t 
91,  9 
100, 26 
60, 67t 
27, 82 
101,  1 
114, 16 
86, li3~ 
81, 46 
Temperature  24.9°C.;  0.068  nil. of spores; concentration of iodo compounds 
0.005 molar; suspension in phosphate buffers •/60,  pH 5.9. 
Figures in c.mm.  of oxygen consumed per hour;  bold-faced figures represent 
per cent inhibition. 
* Germination 93 per cent. 
t No germination. 
:~ No normal germination, 47 per cent incipient germination. 
The  effect  of these  two  iodo  compounds  on  the  respiration  of  the 
activated spores was determined, at 0.005 molar concentrations.  The 
spore  suspensions  were  in  ~/60  phosphate  buffers  at  pH  5.9.  The 
results of a  typical experiment are given in Table V.  The iodoacetate DAVID  R.  GODDARD  57 
and iodoacetamide do not appreciably inhibit  the primary increase in 
respiration  which follows activation  but  they prevent  the  secon4ary 
rise  in  respiration  and  the  germination  which  accompanies  it,  that 
occur  in  controls.  The  iodoacetamide  differs  from  the  iodoacetate 
in its effects on the  activation  of the  spore.  Spores activated in the 
presence  of the  iodoacetamide  and  then  washed  will  not  germinate, 
but the primary increase in respiration  occurs in these spores. 
Methods 
The Neurospora  tetrasperma cultures were obtained from Dr. B. O. Dodge and 
bore his number 19.3 e.  N. tetrasperma is a homothallic (bisexual)  species having 
4 spored asci.  It grows rapidly in culture and after 10 to 15 days at 25°C. pro- 
duces perithecia and discharges its ascospores.  The cultures were raised in Blake 
bottles on malt extract agar or beer wort agar.  The malt extract agar consisted 
of 0.5 per cent Difco malt extract,  0.5 per cent glucose, and 2.0 per cent agar. 
The spores were removed from the Blake bottles by washing with distilled water. 
Care was taken to exclude as many conidia as possible.  These were separated 
from the contaminating conidia by allowing them to settle several times through 
a column of water.  The large difference in density soon separates them.  Centri- 
fuging in 50 per cent cane sugar also gave a  good separation.  The spores from 
30 to 50 cultures were lumped,  air dried, and stored over saturated  solutions of 
CaCh. 6H~O  and  its  crystals  (32  per cent relative  humidity  at  20°C.)  or over 
concentrated solutions of NH~C1 andsolid NH4CI (79 per cent humidity at 20°C.). 
The age of the spores up to about 18 days affected slightly the critical tempera- 
ture of activation, but from 28 to 90 days the spores remained constant.  Dif- 
ferent spore lots varied about 2  ° in the position of the critical temperature,  but 
in no other manner.  The same spore lot gave surprisingly  constant results,  if 
stored at constant humidity, over several months.  Except where noted all the 
data are on the same spore lot. 
The spore suspensions were made up in distilled  water or in solutions of 0.5 
per cent malt extract, 0.5 glucose, and 0.016 molar phosphate buffers at pH 6.2. 
The spores were heated in thin capillary tubing which had an external diameter 
of 1.0 to 1.2 mm.  The heating was in a water bath constant to +0.03°C., the tubes 
were immersed in cold water at the termination of the heating.  After activation 
the  spores  were spread  on a  cover-slip,  a  drop  of melted  clear corn-meal agar 
(or agar alone)  cooled to 44°C.  was added;  and the cover-slip was sealed  to a 
depression slide with liquid petrolatum.  Three different samples of spores were 
used, and in Fig. 1 the three curves correspond to the three spore lots. 58  REVERSIBLE  HEAT  ACTIVATION  OF  ASCOSPORES 
II 
The methods were identical with those above.  The same spore lot was used 
to determine the curves at the different temperatures. 
III 
The  spores were  heated  in  Thunberg  tubes in  air  (controls), in  nitrogen, in 
carbon monoxide, or in solutions of HCN.  The tubes were successively evacuated 
and refilled with nitrogen freed of oxygen by passing it over heated reduced cop- 
per.  It is easy to obtain anaerobic conditions that will prevent germination, but 
if deactivation is to occur in a few hours no traces of oxygen may remain.  Traces 
of oxygen were removed by having acid chromous chloride in separate containers 
in the Thunberg tubes.  The carbon monoxide was generated from formic  and 
sulfuric  acids  and  freed  of  carbon  dioxide by  passing  through  KOH.  Fresh 
KCN  solutions were neutralized to phenol red.  The spores were activated by 
heating the Thunberg tubes in a  water bath at 54-55°C. for 20 minutes.  They 
were cooled, and placed on a shaking machine and shaken at such a rate that the 
spores in air gave 93-95 per cent germination.  At various times, the tubes were 
opened and the spores planted in agar to determine germination.  HCN and CO 
were first removed by evacuation.  Duplicate tubes were reheated without open- 
ing to determine the possibility of reactivation. 
Iv 
Care must be taken if the ascospores are to be obtained free of vegetative con- 
tamination  (conidia, perithecia, and  mycelia).  The  ascospores from  50  ]]lake 
bottle cultures give enough  spores for  10  to  12  Warburg vessels using 0.05 ml. 
of  spores per  vessel.  The  spores were  passed  through  a  fine  mesh  screen  to 
remove perithecia and mycdia and settled several times through a  tall column 
of water to remove the conidia.  The difference in density between ascospores 
and conidia gives a  rather good separation. 
In any one experiment samples from the same spore suspensions were used in 
aU the vessels.  Usually about  0.05  ml.  of spores in  2.0 or 3.0 ml. of distiUed 
water was added to each vessd.  0.3  of 5 per cent KOH was added to the inset 
to  absorb  C02.  In most  of the experiments the  KCN or iodo compound was 
tipped in from a  side arm.  In one experiment phosphate buffers, pH 5.9,  either 
0.022 or 0.016 molar were used, with similar results.  The spore suspensions were 
standardized in hematocrit tubes, no allowance was made for interstitial water. 
In  any  one  experiment  the  values may be  compared directly, since  the  same 
suspension is used.  The absolute values of respiration did not interest us.  The 
time of germination was determined on a  sample of the spores to avoid opening 
the vessels.  At the completion of the experiment germination counts were made 
on all vessels. DAVID R.  GODDARD  59 
v 
The amide of iodoacetamide was prepared from chloroacetamide by the method 
of von Braun (12).  It had a melting point of 95-96°C.  which did not change on 
recrystallization from water or chloroform.  The spores were activated as above, 
with the  iodocompounds  added  before  activation.  Iodoacetate was neutralized 
to  methyl red.  After  activation,  part  of  the  spores  were  washed  free  of  the 
poison on the centrifuge, the other part was put on the shaking machine for sev- 
eral hours.  Germination counts were made after 6-8 hours and after 24 hours. 
No  spores  that  had  failed  to  germinate  in  the  former  time  germinated  after 
24 hours. 
The  respiration  experiments  were  similar  to  those  above;  the  suspensions 
were made in ~/60 phosphate buffers, pH 5.9.  The iodoacetate  was neutralized, 
and  the concentration of iodoacetate and iodoacetamide was 0.005 molar.  The 
volume of the spores in the experiment reported was 0.068 ml. 
SUMMARY 
The heat activation of Neurospora tetrasperma ascospores is a revers- 
ible  process,  since  activated  spores  may  be  returned  to  secondary 
dormancy by preventing respiration,  and these secondarily dormant 
spores may be induced to germinate by reheating.  Activation of the 
spores brings about a large increase in respiration prior to the germina- 
tion of the spores.  As the spores are reversibly activated or deacti- 
vated the rate of respiration is increased or is decreased.  By poisoning 
the cells with iodoacetamide it is possible to prevent all germination 
without greatly inhibiting this increase in respiration.  Precisely with 
the beginning of germination a  secondary  rise in respiration  occurs. 
The respiration of the spores is cyanide sensitive.  The heat activa- 
tion has a critical temperature at about 49 to 52°C.; and at a constant 
temperature within this range, the percentage of the spores activated 
as plotted against the time, follows an S-shaped population curve. 
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